Summary
While the spatiotemporal structure of the genome is crucial to its biological function, many basic questions indicate that these observations can be attributed to depletion effects induced by cytosolic crowders. These 31 findings highlight boundary confinement as a key causal factor that needs to be considered for 32 understanding chromosome organization.
Introduction

2
Chromosomes are spatially confined by physical boundaries. While interphase eukaryotic chromosomes 3 reside in distinct territories within the nucleus (Bolzer et al., 2005) , bacterial nucleoids occupy a large sub-4 volume of the cytoplasm that is itself bounded by the cell membrane (Kellenberger et al., 1958 ).
5
Historically, boundary confinement had been considered to be the sole factor constraining the structure of 6 the bacterial and interphase-eukaryotic chromosomes, in contrast to the intrinsically condensed rod-shape 
33
It however remains elusive how these proteins contribute to the overall size of the chromosome, even at the 34 qualitative level.
36
The mechanism of chromosome positioning within the E. coli cell also remains an open question. During a 37 cell cycle, a single nucleoid localizes around the cell center before DNA replication, while sister 38 chromosomes localize to the two cell halves after they are replicated and segregated (Niki et al., 2000) . So 
6
The study presented here is inspired by the increasing realization that the behavior of cellular structures is 14 15
Here, we study the size and position of a single nonreplicating chromosome in E. coli cells that range in 16 length from 2 to 30 microns. We explore the principles by which chromosomes respond to cell size change 17 and disentangle the roles of extrinsic and intrinsic factors to elucidate the underlying physical mechanism.
18
We first combine genetic perturbation and quantitative imaging to show that the E. coli chromosome can 
31
Results
33
Maintaining a single chromosome in a growing cell allows studying the effects of boundary 
9
Nucleoid size scales nonlinearly with cell size 10 11 Systematic manipulation of the cell size allowed measuring the response of the nucleoid length to the degree 
34
The nucleoid localizes strictly at mid cell position
36
Single nucleoids were found to strictly localize at the mid-cell position with a striking accuracy. As shown 37
in Fig. 1D , the nucleoid center of mass is observed to coincide with the cell center, on average deviating 38 from the mid-cell position over a distance less than 4% of the cell length (Fig. 1D) . It is to be noted that, in 39 conjunction with the above-described nonlinear relation between nucleoid and cell length, a very significant 40 nucleoid-free cytosolic volume is observed near the two cell poles, whose size increased continuously 41 without any saturation with cell length (Fig. S1D ). This poses an intriguing question on how the nucleoid 42 appears to "sense" the polar cell walls without any direct physical contact, a sensing that appears effective 43 over long distances and remains operative beyond the cell length range within which the nucleoid length 44 changes.
46
The nucleoid contracts in size upon cell division
48
Given that a wide range of proteins was previously proposed to bind to DNA and influence the DNA 49 compaction at various levels, it is conceivable that their concentrations or activities can quantitatively affect 50 the chromosome size under the altered DNA/cytosol content ratio in our experiments. If confinement alone, 51 rather than any potential changes in the activities of DNA-binding proteins or the overall degree of 1 molecular crowding in the cytosol, were to determine the quantitative response of the nucleoid size to cell 2 size observed above, the nucleoid would be expected to contract when the cell size were to be reduced. 3 4 To verify this experimentally, we examined the nucleoid sizes before and after cell division in a
5
ΔslmA/dnaC2 mutant at different times ( Fig 
31
NAPs exhibit modest effects on the nucleoid size 32 33 Next, we explored the roles of intrinsic packaging agents on the nucleoid size by independently omitting 34 various NAPs in our wildtype strain background described in Fig 
40
Nucleoids of the Δhns cells exhibited a nonlinear increase with cell size (Fig. 2D ) that, remarkably, was 41 almost identical to NAPs+ cells (NAPs+ denotes the control strain described in Fig. 1 To explore the physical mechanisms underlying the experimentally observed intrinsic nucleoid length, i.e. representing their contribution in terms of an effective repulsive Gaussian core interaction (Stillinger, 1976) 31 between the backbone monomers ( to completely stretch out (Fig. 3B, 3C ). This is notably different from the experimental observations. Next,
43
we incorporated depletions effect from cytosolic crowders by adding so-called non-additive crowder 44 particles (Dickinson 1979, Dijkstra et al., 1998). Shown in Fig. 3D and 3E, the crowders spontaneously 45 segregate from the DNA polymer spatially and localize to the peripheries of the confining cell.
47
Upon elongating the cell, we observe two key effects of the crowders on the longitudinal size of the 48 chromosome. First, crowders that were introduced exert an inward pressure on the chromosome generating 49 a much more compact shape, as well as a central localization (Fig. 3D) . At the local scale, the backbone 50 was observed to buckle at many locations along the polymer (Fig. S3A) , effectively reducing the length of 7 the backbone when observed at lower resolution. At the global scale, the backbone showed a helical 1 morphology with micron sized helical pitch even in the longest cylinders (Fig. 3D) , unlike in simulations 2 without crowders, where the backbone entirely stretched out (Fig. 3B) . Interestingly, such a helical 3 conformation was also captured by our structured illumination microscopy (SIM) images (Fig. S3B ). but its large size and the high cytosolic viscosity together constrain its diffusivity.
35
We next examine how the longitudinal boundary confinement plays a role in the diffusivity of the 36 chromosomes. It is commonly known that confinement affects the MSD due to the finite length that can be 37
travelled. This is indeed observed in the shortest, 2-μm-long cells, where MSD saturates after 1 minute of 38 imaging (Fig. 4D) . In cells longer than 3μm, no saturation in MSD was observed within the 10 minutes 39 duration of the experiments (Fig. 4D) . Surprisingly, however, we observe an additional effect of 40 confinement on the sub-diffusion behavior of the nucleoid COM: While it maintained a near-constant 41 diffusion coefficient, it exhibited a pronounced dependence of the exponent that increased from <0.6 to 42 >0.8 with increasing cell length (Fig. 4E ).
44
Persistent chromosome central positioning independent of Ori/Ter localization 45 46
The above data on chromosome dynamics suggests that while strong morphological dynamics of 47 chromosomes can arise through active transcription and metabolism (Fig. 4A-B) , confinement and 48 crowding still have strong effect in constraining their global dynamics to sub-diffusion ( Fig. 4C-E) ,
49
contributing to their persistent positioning at long term (Fig. 1D ). 
5
Quantitative analyses of fluorescent Ori loci revealed an accurate localization of the origin of replication to 6 the nucleoid center in wildtype cells whereas Ter loci exhibited a larger spatial freedom ( Fig. 5B and 5C ).
8
The above data suggest that nucleoid COM more accurately localize to the cell center than the labeled Ori 9 locus. However, given that chromosomes are significantly larger and inherently less diffusive than an 10 individual OriC locus (Fig. 4A) , the causal relation between the localization of Ori region and nucleoid
11
COM to the cell center remains insufficiently resolved. To elucidate it further, we examined the nucleoid 12 loci and COM positioning in various NAP mutants, and found that ΔmatP cells lost the central localization 13 pattern of the Ori foci (Fig. 5D-F, S4 ). This is consistent with recent finding that MatP regulates MukBEF . Surprisingly, the persistent localization of the nucleoid COM to the cell center did not alter in
16
ΔmatP cells (Fig. 5G ). In addition, the nucleoid COM was also observed to persist at the cell center in Δhns 
21
Sister chromosomes position at ¼ and ¾ of all cell lengths 22 23 Next, we examined cells containing two chromosomes. Here, we observed a highly specific positioning of 
26
( Fig. 6A) . This is by no means trivial, as a priori one might expect them to be free to localize anywhere 27 along the cell length, provided they do not overlap. Or perhaps, one might have anticipated that on average 
32
The remarkable accuracy of the nucleoid localization prompted us to explore the possible role of active 33 mechanisms that had been proposed. We first deleted the minDE genes in light of the proposal that Min 34 oscillations may affect the positioning of chromosomes (Di Ventura et al., 2013). However, we found no 35 effect (Fig. S5B) . We next examined the involvement of transertion that might tether chromosomes to the 36 membrane (Woldringh, 2002) . To test this, we treated the elongated cells with a combination of 37 chloramphenicol and rifampicin (see Methods) to inhibit both transcription and translation, but we did not 38 observe change in nucleoid positioning (Fig. S5C, S5D ). We conclude that these active mechanisms do not 39 play a role in the nucleoid localization.
41
Subsequently, we explored the effect of entropic repulsion in sister chromosome segregation using 42 molecular dynamics simulations of two copies of nucleoid in a growing cylindrical confinement (Fig. 6B,   43 bottom). In absence of crowders, the chromosomes were initially able to localize to the ¼ and ¾ positions 
49
The correspondence to the experiments however greatly improved when we examined the effect of 50 macromolecular crowding. Using Boltzmann-weighted insertion of new crowders (see Methods), we 9 ensured that they were inserted homogeneously in the space outside of the chromosomes. As a result, the 1 initial ¼ and ¾ positioning due to the direct repulsion between the chromosomes was maintained by a 1:2:1 2 partitioning of the crowders to the space between one cell end and the first chromosome, the space between 3 the two chromosomes, and the space between the second chromosome and the other cell end. This resulted 4 in a balanced compression force exerted on the chromosomes by the crowders and an effective repulsion 5 between them, even in the longest cells beyond the regime of direct chromosomal overlap (Fig. 6B) . Thus, 6 a force generation due to entropic dispersion of the crowders promotes the ¼ and ¾ positioning for all cell 7 lengths, including those beyond 20 m, where the bare model without crowders failed (Fig. S5E ).
9
The robust the ¼ and ¾ positioning is due to two partly history-dependent kinematic mechanisms, (i) direct 10 inter-nucleoid repulsion in small cells, (ii) longer ranged effective repulsion between chromosomes through 11 continued homogeneous protein production in the space outside of the chromosomes. Both of these driving 12 mechanisms are entropic in origin.
14
Discussion
16
In this paper we demonstrated how the size and position of E. coli chromosomes depend on the cell size.
17
Quantitation and modeling of the chromosome-boundary relation allowed us to identify the driving forces 
21
The first key finding of this study is that, without directly pushing against the cell poles, the E. coli nucleoid indicates that this structural modulation by MatP also appears to be essential for the internal conformation 7 (Ori centering) of the nucleoid.
9
The second key finding of this study is that confinement-modulated depletion forces place the nucleoids 
33
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23
Image analysis and data analyses. Image analyses of wide-field images were carried out using our 
11
The presence of side loops generated both an effective bending stiffness as well as a "thickening" of the 
26
Crowders were modeled as non-additive depletants, so they did not interact amongst themselves but repel 27 the beads of the polymer. To avoid introducing more interactions parameters, we assume this repulsion to 28 be the same as that between monomers, having both repulsive Lennard-Jones and GC repulsion 29 components.
31
The confinement is introduced through repulsive interaction between all beads (monomer and depletant) 
38
To keep the density of depletants constant in a growing cell, we used a Widom insertion scheme that ensured 
